ABSTRACT The results of phosphoglucomutase-1 (PGM1) typings by starch gel electrophoresis and subtypings by isoelectric focusing are presented for a sample of Japanese. A distinction made on the basis of isoelectric focusing (termed "+" and "-") is nonrandomly associated with each ofthe products of the four most common electrophoretic alleles (PGM11, PGM12, PGM13, and PGM17). The isoelectric trait cosegregates with the allele; the degree of nonrandomness of the association varies from allele to allele. Thus, the four alleles become eight. On the basis ofthese facts plus the additive nature of the pI differences between allele products and the geographical distribution of the alleles, an allele phylogeny can be constructed. This postulates that the eight alleles may be explained by three nucleotide substitutions involving the stem allele plus four intragenic recombinations between these substitutions. The potential of intragenic recombination as a cause of mutation has been insufficiently appreciated.
indicated that these two properties ofthe PGM1 alleles [namely, I vs. 2 and (+) vs. (-)] were not associated at random.
In the present communication, we will confirm this finding for a Japanese population but then extend this isoelectric subdivision to the products of two rarer alleles encountered in the Asia-Pacific Ocean area, PGM13 and PGM17. Each of these latter alleles can also be subclassified as (+) or (-), and again, these properties, although cosegregating, are not associated at random with reference to the electromorphs under study. This nonrandom association, taken in conjunction with the isoelectric focusing data, will be shown to permit the construction of a gene phylogeny for the eight alleles that must be postulated. In this phylogeny, presumed intragenic recombination events play a role equal to that of presumed nucleotide substitutions.
SAMPLES AND METHODS Samples. The blood samples on which the PGM1 typings were performed were obtained from individuals included in a study of the potential genetic effects of the atomic bombs being conducted in Hiroshima and Nagasaki (3, 4) and from individuals in a preceding pilot study (5) . Because no putative mutations involving the PGM1 locus have as yet been encountered in this study, the samples have been analyzed without reference to the radiation histories of the parents of the individuals in question. Samples examined by isoelectric focusing had been kept in liquid nitrogen since aliquots of them had been typed by starch gel electrophoresis. The 184 samples whose phenotype was PGM1 1-7 were drawn from both of the previously referenced studies. Because of ambiguities in subtyping the PGM17 electromorph when it occurs in combination with the PGM12 electromorph, we present only the results ofsubtyping individuals with genotypes PGMI1/PGMI7. The 28 samples with phenotype either PGM1 1-3 or PGM1 2-3 were drawn only from the study of the genetic effects of the atomic bombs (3, 4) . In the pilot study (5) , an allozyme whose mobility was similar to that ofthe PGM13 reported by Hopkinson and Harris (6) was named as PGM1 3NGS1 because, given the existence of the heterogeneity in PGM13 as detected by starch gel electrophoresis in the different populations in the world (7) , its identity with the original PGM13 could not be assured (8) . Therefore, the phenotypes of the PGM13 samples subtyped by isoelectric focusing in this report would have been referred to either as PGM1 1-3NGS1 or PGM1 2-3NGS1 in our first report. For the sake of simplicity, however, in this paper we will use the term PGM13 as synonymous with PGM1 3NGS1-Methods. Hemolysates were prepared from frozen packed erythrocytes that had been stored in liquid nitrogen as described by Ueda et aL (9) . Starch gel electrophoresis was conducted as described by Satoh et aL (5) . For the isoelectric focusing, an Ampholine-containing polyacrylamide gel plate [acrylamide in gel = 5% (wt/vol); N,N'-methylenebisacrylamide in total acrylamide = 3% (wt/vol)] with a dimension of 12 x 11 x 0.1 cm was prepared by the method in LKB application note 250 with slight modifications. Riboflavin and N,N,N',N'-tetramethylethylenediamine were used instead of ammonium persulfate, and polymerization was carried out under an ultraviolet light. Final concentrations of the components in this gel were as follows: riboflavin, 0.0005%; glycerol, 10% (vol/vol); Ampholine (pH 5-7), 2% (wt/vol); N,N,N',N'-tetramethylethylenediamine, 0.056%. Isoelectric focusing was performed on the LKB 2117 Multiphor apparatus with the LKB 2103 power supply at 4°C. The electrode solutions were 0.01 M NaOH (cathode) and 1% aqueous acetic acid (anode). Prefocusing was of 1-hr duration at the maximum limits of 1,200 V, 10 W, and 10 mA. Hemolysates were applied 3 cm from the anodal electrode strip by using a 5 x 5 mm piece of Whatman 3MM filter paper; focusing was carried out for 2 hr at the maximum limits of 10 mA and 2,000 V. The application strips offilter paper were then removed, and the electrofocusing was terminated after another3hratthe maximum limits.
For the population survey, we used the methods mentioned above with slight modification. Gel plates with a dimension of Abbreviation: PGM1, phosphoglucomutase-1. Phenotypes with n(expected) below 3 were combined for x2 calculation. * 2= 4.1683; 0.50 < P < 0.75; degrees of freedom = 5.
Isoelectric Focusing of a Selected Subsample of Products of the Standard PGM13 and PGM17 Alleles. The results of subtyping by isoelectric focusing the allelic products of the PGMI3 and PGM17 alleles thus far encountered-in our laboratory are seen in Table 3 . Of the 28 PGMI3 gene products subjected to isoelectric focusing, 23 (82.1%) were "+" in type, whereas of the 184 PGM17 gene products typed by such focusing, 176 (95.7%) were "+." This difference is significant (X2 = 7.71; degrees offreedom = 1; 0.01 > P > 0.005); intragenic disequilibrium is more marked for the (+) and (-) forms of PGMI7.
The pI from Isoelectric Focusing of These Eight Phenotypes. Table 4 presents the pI values in our system of the eight primary allozymes produced by the alleles under consideration and the average pI differences between them. These values are based on 16 determinations for the 2+, 7+ phenotype (3 persons), 17 determinations for the 2+, 2-phenotype (2 persons), 11 determinations on a 1-, 7-individual, 11 determinations on a 1-, 3-individual, 11 determinations on a 1+, 3+ individual,. 6 determinations on a 1+, 7+ individual, 6 determinations on a 1-, 7+ individual, and 2 determinations on a 3+, 7+ individual, for a total of 80 determinations. Fig. 1 shows the various PGM1 phenotypes of human hemolysates examined by isoelectric focusing. Fig. 2 is a schematic of the data of Table  4 for an idealized focusing gel. With the PGM11 pattern as a The present data, in conjunction with the known facts concerning the geographic distributions of these alleles, suggest a considerable extension of that four-allele phylogeny. The existing data on the distribution of the PGM1 and PGMI7 alleles in the Asia-Pacific area, based on the summary of Blake and Omoto (7) , are schematically presented in Fig. 3 . Although scattered instances of these two electromorphs have been encountered all over the world, both these electromorphs (which on closer analysis are everywhere proving to be heterogeneous), on the basis of current information, show local (but different) maxima in the Asia-Pacific area, with overlapping distributions. to Malaysians, Thais, Chinese, and Japanese. Large areas remain to be explored in this respect, as does the question of the subtypes of PGM13 in the areas already studied. Thus, on the basis of a single sample from New Guinea, the PGM13 phenotype encountered there is reported to differ slightly from the PGM13 of Okinawans (7) and from Japanese on Kyushu and Honshu (unpublished data); clearly a much more extensive comparison is called for.
In an extension of the phylogeny, the chief constraint is the need to observe the additive (or subtractive) pI relationships between alleles as described in Table 4 . There are a number of different solutions to this "phylogeny problem. " We will, to begin with, accept the phylogenetic relationships of PGMI"+, PGM11-, PGMI2+, and PGMI -as proposed by Carter et aL (11) , although, as these authors point out, other interpretations are possible. The other four alleles (PGM13+, PGMI3-, PGMI7+, and PGMI7-) can then be explained by one additional nucleotide substitution and three intragenic recombinational events. These latter can in each instance result from at least two types of intragenic recombination. The resulting phylogeny is shown in Fig. 4 (ALSO FROm PGM-) PG1 7 the decay of the disequilibrium depends on the relative nucleotide distances between the three postulated nucleotide substitutions; because these are unknown, no firm use can be made ofthe decay function, the more so because genetic selection and drift intervene between recombination frequency and the observed phenotypes. This phylogeny must be recognized as only a beginning for the alleles of this locus. Thus, there are at least eight other alleles (ref. 5;. unpublished data) not yet studied with respect to their subdivision by isoelectric focusing, and, in addition, Scozzari et aL (12) have reported a common polymorphism affecting the thermostability of the products of the PGMI/, PGM/, PGM12+, and PGM12-alleles, the site for which, from its segregation pattern, must be intragenic to the PGMI locus. In principle, most of the alleles waiting to be defined with respect to isoelectric focusing can be fitted into the present phylogeny by the type of logic we have used.
An attraction of this phylogeny is that it is ultimately subject to verification or disproof by DNA sequence determination.
When a probe becomes available for the PGMI locus, not only will the postulates ofthe phylogeny be subject to empirical testing, but the prevalence of DNA restriction enzyme-site polymorphisms should provide additional markers within and near both ends of the gene. Indeed, the opportunities for sophisticated evolutionary biology should provide a stimulus to develop a probe for this locus. In this connection it should be borne in mind that, in the present context, the important issue is not the correctness in detail ofthe phylogeny of Fig. 4 but the principle that intragenic recombination has been as important as nucleotide substitution in the genesis ofthe alleles encountered at this locus. It is very likely that DNA sequence determination of the PGMI locus will result in some revisions in the phylogeny.
The possibility that intragenic recombination could be a cause of "point" mutation in higher eukaryotes has been apparent ever since the nature of the genetic code was established; the nature of the products of the human haptoglobin alleles provided an example of the consequences of an error in such recombination some 20 years ago (13) . The recognition of intervening sequences (introns) in genes increases the potential role for this type ofevent. In this context it is worth noting that intragenic recombination imparts a self-generating aspect to mutation: if three or four nucleotide substitutions (n) resulting from mutation become established in any substantial frequency Finally, we note that the distribution of the PGM13 and PGMI7 alleles in Japan may shed light on the peopling of these islands. A common version is that the prehistoric inhabitants of Japan were Ainu-like peoples who were gradually driven northwards by migratory pressures originating from the south through the Ryukyu Archipelago (Nansei Islands) and more centrally through the Korean Peninsula. The Ainu do not possess the PGM13 or PGMJ7 alleles (19, 20 
